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A Columnar Liquid Crystal with Permanent Polar 
Order 
J. Guilleme,a J. Aragó,b E. Ortí,b E. Cavero,c T. Sierra,c,* J. Ortega,d C. L. Folcia,e J. 
Etxebarria,e,* D. González-Rodrígueza,* and Tomás Torresa,*  
The self-assembly of axial dipolar subphthalocyanine 
molecules in the presence of electric fields leads to uniaxially 
oriented columnar liquid crystalline materials that exhibit 
permanent polarization. 
Columnar liquid crystals (LCs) made of discotic -conjugated 
semiconductors offer a combination of attributes that are very 
appealing in several optoelectronic technologies.1 Their propensity to 
form stable columns by intermolecular  interactions and their fluid 
nature allows for their organization into oriented materials by means 
of diverse techniques.2 Among them, the use of electric fields arise as 
particularly useful3 since 1) it can control homeotropic column 
alignment in defined areas between patterned electrodes,4 and 2) it 
may lead to the generation of thin films that exhibit net polarization.5 
The latter is viewed as a property of great potential for those 
applications that require an efficient directional transport of charge 
carriers,6 such as field-effect transistors and photovoltaics, where the 
design of high dielectric layers and polar electronic interfaces is 
gaining importance.7 
 In order to produce columnar LC materials that exhibit 
macroscopic polarization a non-centrosymmetric organization is 
required,8 and for such goal several strategies have been practiced.3 
One of them is the use of molecules with dipoles that are parallel to 
the column axis, either by the stacking of bowl-shaped structures,5a,9 
or by the incorporation of dipolar amide or urea groups.4b,e,5,10 
Spontaneous polarization in LC materials typically relies on temporal 
conformational or orientational arrangements of dipoles and is quite 
sensitive in practice to external conditions such as cell surfaces or 
applied field, which is valuable for ferroelectric switching 
applications.3,9d However, for the same reason, the realization of 
columnar LC materials with permanent polarization, that persists even 
in the presence of electric fields of opposite sense, remains a 
challenging task. Polar order in the columnar materials developed so 
far is eventually lost with time due to structural relaxation processes 
that lead to dipole readjustments. 
 Here we study columnar LC films that can be efficiently aligned 
parallel to an electric field and that maintain their polar order upon 
electric field suspension or even inversion. Our strategy relies on the 
use of conformationally rigid (i.e. non-invertible),11 bowl-shaped 
mesogens with a strong axial dipole moment, like the C3-symmetric 
boron subphthalocyanine (SubPc)12,13 1 (Figure 1). The key to 
generate a head-to-tail non-centrosymmetric columnar stacking14,15 
with a strong axial dipole was the introduction of a small, highly 
electronegative atom linked to the central boron, such as fluorine. 
Figure 1. (a) Top and side views of the axial dipolar SubPcBF 
macrocycle. The yellow spheres represent the arylethynyl 
substituents. Head-to-tail stacking leads to polarized columnar 
structures. (b) Structure of the C3-symmetric SubPc 1.16,17 
 The thermal properties of 1 were studied by polarized optical 
microscopy (POM) and differential scanning calorimetry (DSC). 
SubPc 1 displays pseudo focal-conic textures between crossed 
polarizers, which are characteristic of a hexagonal columnar 
mesophase (Figure 2a).4b,5a,9b,c,10a According to DSC thermograms 
(Figure S2), 1 is crystalline as synthesized but, once melted to the 
isotropic liquid (I), the mesophase appears on cooling at 89.2 °C, and 
maintains stable at room temperature for several weeks. During the 
second heating process the Colh mesophase undergoes a cold 
crystallization, with no texture change, and this crystal melts into the 
I phase at 101.2 °C. Subsequent cooling-heating cycles show the same 
type of thermogram. 
  
 
Figure 2. (a) POM photograph (x50) taken at r.t. on cooling from the 
I phase. Transition temperatures (°C) and enthalpy values (kJ/mol) 
correspond to the second heating (h)-cooling (c) cycle recorded at 10 
°C/min. (b) X-ray diffractogram taken at r.t. on a thermally treated 
sample (c) AFM topography and (d) 2D phase images of a thermally 
treated sample of 1 deposited onto mica. 
 The mesophase arrangement of 1 was studied by X-ray 
diffraction (XRD) at room temperature. Experiments performed 
on samples previously heated up to the isotropic liquid, and 
cooled down at a rate of ca. 10 °C/min, yielded an intense 
maximum at the low-angle region and a broad diffuse maximum 
in the wide-angle region (Figure 2b). The low-angle peak can be 
related with the (10) reflection of a hexagonal columnar phase. 
The absence of higher order reflections18 makes it difficult to 
unambiguously assign the mesophase type exclusively by XRD. 
Nevertheless, according to POM observations, we propose that 
the small-angle maximum corresponds to the (10) reflection of a 
hexagonal arrangement with a cell parameter (a) of 39.0 Å. 
Additionally, AFM tapping mode images, taken at r.t. to a 
thermally treated sample (vide supra) of 1 on mica, show line 
patterns that are consistent with different domains of columns 
arranged onto the surface (Figures 2c-d and S3). Surface analysis 
showed a mean periodicity between lines of 40 Å, which is 
within the range of the distance measured by XRD and attributed 
to the hexagonal cell parameter. Furthermore, an XRD diagram 
recorded in the crystalline state (8 weeks after thermal treatment) 
is consistent with the hexagonal columnar arrangement (see 
Figure S4 and Table S1). Finally, the diffuse maximum at wide 
angles, typically observed in all kind of mesophases, is unusually 
broad in this case (Figures 2b and S5). Part of the contribution to 
that reflection can be attributed to the liquid-like order of the 
hydrocarbon chains (distances around 4.5 Å), but the reflection 
further extends at higher angles, covering distances down to 2.5 
Å. These small spacings should correspond to intracolumnar 
distances. 
 To gain more insight into the structure of the 1 assemblies in 
the mesophase, semiempirical quantum-chemical calculations 
were carried out.17 A hexagonal columnar model, formed by 7 
columns and 4 molecules per column, was built up and, 
subsequently, its structure was fully relaxed at the PM7 level (see 
Figures S7 and S8). The average distance between the stacking 
axes of the 1 columns is computed at 42.2 Å, in good agreement 
with the lattice parameter (39.0 Å) derived from XRD data and 
the mean periodicity (40 Å) measured in AFM images. 
Calculations also indicate that aggregation within a column is not 
only dominated by dispersion or van der Waals forces, but also 
by strong F−···B+ dipolar interactions between adjacent 
SubPcs.17,19 
 We were interested in studying the evolution of the axial 
dipole moment with the size of the system. Stacks of increasing 
length, comprising 1, 4, 8, 12, 16 and 20 molecules, were 
computed using a column extracted from the PM7-optimized 
hexagonal lattice as a building block. Our results indicate that the 
dipole moment follows the stacking axis and systematically 
increases from 13.7 D for the 1 monomer to 281.6 D in a 
columnar icosamer (see Figure S9). Additionally, the influence 
of an electric field (12 V/μm) on the energy of the dipolar stacks 
was evaluated at the PM7 level (Figure S9). A slight 
stabilization/destabilization of the columnar aggregate is seen 
when such field is applied parallel/antiparallel to the polarization 
vector. The energy difference between parallel and antiparallel 
arrangements increases linearly with the stack size reaching 3.2 
kcal/mol in the icosamer. 
 The Colh mesophase of 1 was next studied in commercial 
Linkam cells, comprised of two ITO plates separated by 5 μm, 
in order to investigate electric field columnar alignment. The 
material in the cell was cooled from the isotropic liquid into the 
Colh mesophase while applying a triangular-wave AC voltage 
(90 Vpp, 0.08 Hz). In this cooling process, the ITO area appeared 
non-birefringent between crossed-polarizers, whereas a 
birefringent texture became visible in the area without electrodes 
(Figure 3a). The absence of birefringence under field indicates a 
uniaxial character of the mesophase thus reinforcing the 
hexagonal symmetry assigned to the mesophase structure.4,9 On 
heating the sample, this black texture persists up to the transition 
to the isotropic liquid at 101.2 ºC, which is clearly observed in 
the birefringent areas without electrodes. Repeating the cooling 
process without electric field led on the other hand to the 
development of a birefringent texture on the full cell area. Once 
the material reaches the mesophase on cooling, the dark area 
between electrodes does not show up with applied AC voltage. 
These observations suggest that the marked dipole moment of 
the mesogens, perpendicular to the SubPc core, prompt them to 
interact with the electric field during the I-Colh transition. 
Accordingly, unidirectional orientation of the columns along the 
electric field is achieved, and remains stable in the mesophase 
once the electric field is turned off. 
 We then investigated the LC material in the Linkam cells 
described above using second harmonic generation (SHG), 
which is a convenient and reliable method to determine the 
existence of polarity in the presence and absence of an electric 
field. A setup20 including a Nd:YAG laser with a fundamental 
wavelength λ = 1064 nm was used. SHG signal is observed in the 
mesophase when the material is cooled down from the isotropic 
liquid under a DC field. The SHG response is preserved after 
turning off the field. The SHG light is π polarized, regardless of 
whether the fundamental light is π or σ (Figure 3b). In addition, 
the SHG signal is null at normal incidence (Figure 3c). These 
characteristics indicate that the material has a macroscopic polar 
axis along the field direction, with a susceptibility tensor of the 
same symmetry than poled polymers.17 The induced polar axis is 
thermally stable and is kept up to the clearing point (Figure 3d). 
Remarkably, the SHG signal is maintained at room temperature 




Figure 3. (a) POM photograph (x20; r.t.) of a 5 µm sandwhich cell 
with ITO electrodes. An electric field was applied during the I-Colh 
transition that provoked the orientation of the columns. (b) Schematic 
illustration showing the SHG light polarization for different 
polarizations of the fundamental wave. (c) SHG signal at 40 °C as a 
function of the angle of incidence for the   conversion. The solid 
line is a theoretical fit giving d31 = 0.5 pm/V. (d) Temperature 
dependence of the SHG signal at an angle of incidence of 30°. The 
origin is the clearing point (Tc). 
 We used SHG interferometry to analyze the switching 
behavior of the 1 material. The setup (Figure 4a) is designed to 
permit the interference of the SHG signals from the sample and 
a quartz plate. A relative phase shift between the two SHG waves 
is produced as a consequence of the optical path difference 
between the fundamental and SHG waves in the glass plate. The 
phase shift is controlled by rotating the glass plate, and the 
resulting SHG signal shows interference fringes as the rotation 
angle is varied. When the LC sample is obtained from the 
isotropic liquid under opposite DC fields interference patterns in 
antiphase are attained (blue and red points in Figure 4b). In 
addition, the pattern remains unaltered if the field is turned off or 
even reversed within the mesophase range (black dots in Figure 
4b). This indicates that the liquid crystal sample is permanently 
polarized once formed, but it is not electrically invertible. In 
other words, the mesophase is not ferroelectric but pyroelectric. 
The directional sense of the macroscopic polarization can only 
be reversed by heating the material up to the isotropic phase and 
cooling down again under an opposite field. A schematic 
illustration of the polarization behavior under electric field and 
temperature treatment is shown in Figure 5.  
 It is interesting to have an idea of the degree of polar order in 
the structure. To evaluate this parameter, the magnitude of the 
SHG signal was analyzed. By comparing an estimate of the 
microscopic molecular hyperpolarizabilities21 with the 
macroscopic SHG signal, a minimum threshold for polar order 
in the mesophase of 35 % was deduced17 for an applied electric 
field of 12 V/μm in the I phase. This degree of order corresponds 
to a remnant polarization of 400 nC/cm2 (taking the dipole 
moment of 13.7 D derived from our PM7 calculations). Larger 
electric fields induce higher order, but fields above 15 V/μm are 
likely to produce dielectric breakdown. 
 
 
Figure 4. (a) Scheme of the optical setup used for SHG 
interferometry. The interferograms are obtained by rotating the glass 
plate. (b) SHG interference patterns at 40 °C obtained by rotating the 
glass plate. Blue and red points correspond to a LC sample that was 
polarized with (+) and (-) DC electric field respectively, on cooling 
from the I phase. Black points were obtained by reversing the (-) DC 
field without heating the sample to the I phase. 
 
Figure 5. Schematic representation of the polarization behavior of a 
LC film of 1. Arrows represent groups of molecular dipoles which 
assemble in columns in the mesophase. The polarization is developed 
on cooling the material from the isotropic liquid under a DC electric 
field. Within the mesophase, the polar order remains unaltered after 
the electric field is switched off and cannot be reversed. 
Conclusions 
In conclusion, we have studied a columnar liquid crystal that 
exhibits permanent polar order along the columnar axis. The 
polarization orientation is developed under electric field 
application only when cooling the sample from the isotropic 
phase. The degree of polar order is large – enough for device 
applications –,13 not sensitive to electric fields of opposite sense, 
and can be conserved for weeks in the mesophase after the 
electric field is switched off. This unique effect is ascribed to the 
  
rigidity of our axial dipolar SubPc stacks and differs from related 
LCs where polar order can eventually vanish or switch due to 
conformational or orientational changes. 
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